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Near-zero-wear with super-hard WB4 and
a self-repairing tribo-chemical layer
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Jun Cheng 1,2 , Peixuan Li3, William Yi Wang 3, Jun Yang 1,2 & Weimin Liu1,2

Achieving near-zero-wear remains amajor challenge inmechanical engineering andmaterial science.
Current ultra-low wear materials are typically developed based on the self-consumption strategy.
Here,wedemonstrate a newself-repairing approach to achieve near-zero-wear.We find that theWB4-
βB/WC tribo-pair has a lowwear rate of 10−8mm3N−1m−1 in low vacuumconditions, under amaximum
Hertzian contact stress of 2.23 GPa over 1 × 105 friction cycles. Additionally, we observe an abnormal
wear phenomenon after 5 × 104 friction cycles, characterized by an increase in the dimensions of the
tribo-pair. This near-zero-wear mechanism is attributed to the synergistic action of the super-hard
WB4-βB substrate and the self-repairing tribo-oxide layer. This research provides a new approach for
advancing wear-resistant materials and enhancing material longevity.

Wear is a ubiquitous phenomenon that is considered to be the removal
of surface material due to the mechanical, chemical, and thermal
interactions between mating surfaces during friction1–6. According to
scientific statistics, wear causes about 60% of equipment damage or
failure. Wear failure in mechanical parts typically shows up as a
reduction in the tribo-pair dimension, which immediately impacts
accuracy, reliability, and service life4–8. Therefore, the question of
achieving near-zero wear tribo-pairs in mechanical engineering and
material science remains perennial.

There have been only a handful of materials with ultra-low wear rates
until now, and the mechanisms and methods for achieving ultra-low wear
are not uniform. For example, classification by wear mechanism, diamond9

with super-hardness can inhibit abrasive wear; the layered materials like
graphene4,10,11, a-C:H12, MoS2

13,14, and MXenes/MoS2 nanocomposites15

have ordered layered structures with low shear strength and consequently
reduce surface adhesive wear; the Pt-Au film with a very stable nanocrys-
talline structure16 can mitigate the evolution of frictional subsurface
microstructure and ultimately prevent the occurrence of fatigue wear; in
polymer matrix composites with ultra-wear-resistant performance
mechanisms include molecular lubrication films produced by alumina-
promoted friction chemistry of PTFE and composite friction films con-
sisting of PTFE/2D layered material17–19. From these, it can be roughly
concluded that there is ultra-stablemicrostructure (super-hard phase, stable
nanocrystals, passivated surface)20,21 or a layered tribo-film with low shear
strength (graphite film, MXenes film)7, which is conducive to reducing
material wear. Although some material systems exhibit ultra-low wear
through slow self-consumption under specific conditions, theoretical wear

is inevitable. In contrast, self-repairing strategies can overcome this theo-
retical limitation.

The combination of polymer matrix composites, alongside the mole-
cular lubrication film generated through the alumina-facilitated tribo-che-
mical reaction of PTFE, as well as the composite friction film comprising
PTFE and two-dimensional layered materials, contributes significantly to
the superior wear-resistant characteristics of the materials.

To achieve near-zero wear, we propose a new approach by self-
repairing tribo-pair. Self-repairing tribo-pair means that in certain tribo-
elements (tribo-pair, load, speed, environment, atmosphere, temperature,
etc.) and without additional material flow and energy flow, the friction-
driven self-adjustment of the composition and structure of the worn surface
can repair its wear22–26. To achieve near-zero wear, the target material must
have twonecessary characteristics. First, thematerial has excellent structural
stability to resist subsurface lattice dislocation and/or initiation and pro-
pagation of cracks driven by friction force5,27. Second, it has a self-repairing
function, restoring worn surfaces or compensating for wear loss through
chemical or physical action.

Super-hard materials with high bulk modulus help restrain surface
damage and prohibit deformation28, which can be divided into two cate-
gories: super-hard materials with short covalent bonding of light elements
(B, C,N or/andO) andnew super-hardmaterials with high valence electron
density (W, Re, Os, etc.)29,30. Among them,WB4 is a typical transitionmetal
boride, consisting of a three-dimensional network structure composed of
short B–B covalent bonds with high shear modulus and transitionmetalW
element with high valence electron densitywith incompressibility28,29,31. The
theoretical value of the Vickers hardness of WB4 is 41.1–42.1 GPa, and the
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Vickers hardness value of WB4 synthesized experimentally is currently
43.3–46.1 GPa30–34. Crystalline boron exhibits a remarkable hardness and at
the same time reacts easily with friction to produce lubricating B2O3 and
H3BO3

28,35–38. Therefore, we designed theWB4-βB/WC tribo-pair: theWB4
super-hard phase carries the normal friction force to resist the deformation
of the worn surface; the B phase generates a B2O3 oxide layer through tribo-
chemical reaction, which plays the role of friction-reduction, anti-wear and
repairing the worn surface39–41.

This paper proposes a new strategy to realize near-zero-wear tribo-pair
by super-hard WB4 bulk material and self-repairing tribo-chemical layer.
The constructedWB4-βB/WC tribo-pair exhibited the dimension variation
of ±10−8 mm3 N−1 m−1 with the expression of wear rate during
1.25 × 104–1 × 105 friction cycles, and we found a new self-repairing wear
effect of the sliding interface by tribo-chemistry. This work provides a novel
path for wear-less research and material protection.

Results and discussion
Microstructure and mechanical properties
The sample with a B/W ratio of 9 is synthesized by the spark plasma
sintering (SPS) method. As shown in Fig. S1, the experimental sample has
the appearanceof a 25mmdiameterbulkmaterialwith ametallic luster.The
XRD spectrum (Fig. 1a) shows the peaks ofWB4, which are consistent with
the standard diffraction peak of the PDF (Ref. code 00-019-1373), and there
are no impurity peaks33,42. Figure 1b shows the presence of two regions on
the surface of the sample, a boron-enriched black region, and a tungsten-
enriched white region, respectively. Meanwhile, the sample is composed of
two distinct crystalline phases with a particle size of not more than 5 μm,
which is consistentwith the SEMobservations (Fig. 1d). The SAED imageof
Point 1 shows the crystal planes of (110), (112), and (002) along the [001]
zone axis belonging to WB4. The SAED image of Point 2 shows the crystal
planes of (113), (211), and (10–2) along the [2–51] zone axis belonging to β-
rhombohedral boron. The diffractionwave of crystal B ismasked byWB4 so
only the diffraction peak of WB4 is shown in Fig. 1a30,33,43. In summary, the

as-prepared sample is composed of theWB4 phase and β-B phase, which is
the same as the WB4 materials reported in the works of literature33,43,44.

Vickers micro indentation hardness tests were performed on optically
flat WB4-βB sample with applied loads ranging from 0.49 N–9.8 N, and
hardness results of the as-preparedWB4-βBmaterial are displayed inFig. 1c.
The hardness values of 43.91 ± 4.82 GPa under an applied load of 0.49 N
and 27.72 ± 0.65 GPa under an applied load of 9.8 N are measured for the
WB4-βBmaterial. The 43.91 GPahardness valuesmeasured at low loads are
very close to 41.1–42.2 GPa of the theoretical prediction and 41.2–46.2 GPa
of experimental tested data in the literature30–32,43. The results indicate that
the as-prepared sample consisting of theWB4 phase and βB phase behaves
as a super-hard property. Furthermore, the hardness of thisWB4-βB sample
is load-dependent and decreases as the load applied increases. This phe-
nomenon ofmaterial hardness increasing with decreasing pressure is called
the indentation size effect. The principle behind ISE is that smaller indenters
produce harder values due to the influence of microstructural features such
as grain boundaries, dislocations, and other defects, which have been
observed in super-hard materials such as ReB2 and OsB2

45,46. As shown in
Fig. S4 the fracture toughness ofWB4-Bwasmeasured using the single-edge
precrackedBeam (SEPB)method as 3.28MPa·m1/2. Thenanoindentation in
Fig. S3 measured the nano-hardness as 37.48 GPa and the modulus of
elasticity as 599.17 GPa. This result is in agreementwith the results reported
by Mohammadi et al. 30. In addition, cemented carbide WC with a similar
modulus to WB4-βB material is selected as the counterpart since the
excellent compatibility of the tribo-pair materials can avoid severe wear on
one side during the friction process.

Tribological behavior
To demonstrate the wear resistance of our designed WB4-βB/WC tribo-
pair, the friction and wear properties were evaluated under 10–100 Pa
vacuumconditionswith different friction cycles. Figure 2presents the three-
dimensional (3D)worn topography, the two-dimensional (2D)wornprofile
of the WB4-βB disk, and the SEM images of the WC ball worn scar.

Fig. 1 | Characterization of material phase composition and mechanical prop-
erties. a XRD pattern of the sample and WB4 standard diffraction peaks from (Ref.
code 00-019-1373). b SEM image and EDS mapping of the sample plane. c Vickers

micro indentation hardness of the sample under 0.49 N–9.8 N loads. d SAED and
HRTEM images of different phases.
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According to the volume change shown by the worn surface topography of
the WB4-βB/WC tribo-pair for the 5 × 104 friction cycles, the total concave
groove volume is calculated to be 5.64 × 10−4 mm3, and the convex peak
volume is 3.82 × 10−4 mm3 (Fig. 2a). The diameter of the circular worn scar

on theWC surface is about 0.185mm, and the calculated volume loss of the
coupled ball is 1.92 × 10−5 mm3 (Fig. 2a). On theWB4-βBworn surface after
5 × 104 cycles, the volume of the concave groove is 4.30 × 10−4 mm3, and the
volume of the convex peak is 6.57 × 10−4 mm3 (Fig. 2b). The diameter of the

Fig. 2 | Tribological properties of theWB4-βB/WC tribo-pair.The 3D topography
and 2D worn scar profiles of the WB4-βB worn surface and the corresponding SEM
images of the coupled WC ball worn surface. a The worn surface after 1.25 × 104

friction cycles. b The worn surface after 5 × 104 friction cycles. c The worn surface
after 1 × 105 friction cycles. d Friction coefficient curve of WB4-βB/WC tribo-pair

when the number of sliding is 1 × 105. (Vconcave groove and Vconvex peak are the volume
change of the entire worn surface) e Dimension evolution of the WB4-βB disk and
the WC ball at different sliding times. (+ indicates dimension increase, − indicates
dimension reduction).

https://doi.org/10.1038/s43246-024-00667-1 Article

Communications Materials |           (2024) 5:222 3

www.nature.com/commsmat


circular worn scar on the WC surface is 0.222mm, and the calculated
volume loss of the coupled ball is 3.97 × 10−5 mm3 (Fig. 2b). When the
number of friction cycles is 1 × 105 friction times, the volume of the concave
groove and convex peak on the WB4-βB worn surface is 5.10 × 10−4 mm3

and 0.13 × 10−4 mm3, respectively (Fig. 2c). The circular worn scar diameter
of the coupled WC ball is 0.259mm, and the wear volume is
7.36 × 10−5 mm3 (Fig. 2c).

The friction coefficient curves show that the WB4-βB/WC tribo-pair
has a shorter run-in periodwith a higher friction coefficient of 0.65 (Fig. 2d).
During the steady-state period, the friction coefficient decreases to 0.55,
and the friction curve also tends to be smooth. As shown in Fig. 2e, the-
friction cycles increase from 1.25 × 104 to 1 × 105, the WB4-βB disk

shows the dimensional decrease of 9.06 × 10−8 mm3 N−1 m−1, the dimen-
sional increase of 2.89 × 10−8 mm3 N−1 m−1, the dimensional decrease
of 3.19 × 10−8 mm3 N−1 m−1, and the dimensional decreases of
the corresponding coupled WC ball are 9.55 × 10−9 mm3 N−1 m−1,
5.06 × 10−9 mm3 N−1 m−1, and 4.69 × 10−9 mm3 N−1 m−1. When the num-
berof friction cycles reaches 1 × 105, it is sufficient tomeet the long-lifewear-
resistant test requirements. The depth of the WB4-βB worn track after
1 × 105 friction cycles is about 100 nm, equivalent to that it takes hundredsof
friction cycles to remove the WB4-βB worn surface as a monolayer in size
terms. Under the highmaximumHertz contact stress of 2.23 GPa, the wear
resistance ofWB4-βB/WC tribo-pair performs near-zero wear, not only the
wear resistance of the unilateral counterpart.

Fig. 3 | Dimensional change after friction for various tribo-pairs. (+ indicates dimension increase, − indicates dimension reduction)4,7,10,14,17,18,21,27,37,47,49,61–69.
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Figure 2 demonstrates thatwith the increase in friction times, thedepth
dimension of the WB4-βB worn track was reduced from 191 nm after
1.25 × 104 cycles to 100 nm after 1 × 105 cycles, and the dimension of the
WB4-βB/WC tribo-pair experienced the change of “decrease - increase -
decrease”. We can find that some substances are generated on the worn
surface, forming convex peaks, and compensating for the volume of wear
loss. In addition, the wear volume of the coupled WC ball is an order of
magnitude lower than that of theWB4-βB disk, which suggests the ability of
WCmaterial transfer to compensate for the volume loss of theWB4-βBdisk
is minimal. In this case, theWB4-βB/WC tribo-pair realizes near-zero wear
in the low vacuum environment (without additional substances), indicating
that the tribo-pair has the self-repairing ability during the wear process.

Figure 3 shows the dimensions of various tribo-pairs after friction,
including the WB4-βB/WC tribo-pair in this work. There are clear
boundaries for wear-resistant films, polymer composites, nanocrystalline
metals, high-hard ceramics, and traditionalmaterials. Thewear resistance of
traditional metal and ceramic bulk materials has significant limitations, the
wear rate of thedisk is in the order of 10−6 mm3 N−1 m−1, and thewear rate of
the coupled ball is in the order of 10−7 mm3 N−1 m−1. The best wear resis-
tance of bulk materials is attributed to about 10−8 mm3 N−1 m−1 order of
magnitude of polymer composites and 10−7 mm3 N−1 m−1 order of mag-
nitude of nano-metals and high-hard ceramics, respectively. Only a few
films exhibit an ultra-low wear rate of 10−9 mm3 N−1 m−1 order of magni-
tude under exceptional circumstances, such as the self-matedhydrogen-rich
DLCfilm tribo-pair, the fullerene-likeMoS2nanoparticlesfilm/Al2O3 tribo-
pair, and the Pt-Au film/Al2O3 tribo-pair

47,48. Surprisingly, from 1.25 × 104

to 1 × 105 friction cycles, the variation of the WB4-βB/WC tribo-pair
dimension is ± 10−8 mm3 N−1 m−1 with the expression of wear rate. Fur-
thermore, WB4-βB super-hard ceramic can adapt to higher Hertz stress
(2.23 GPa) compared to ultra-low wear films like MoS2 film (1.1 GPa)14,
carbon film (0.7 GPa)49 and Pt-Au film (1.1 GPa)37, and polymer
composites.

Figure 4 displays the worn surface of the WB4-βB/WC tribo-pair
observed by scanning electron microscope and energy dispersive spectro-
meter.Theworn trackwidthof theWB4-βBdisk and theworn scardiameter
of the coupledWC ball increase with the sliding number. In addition, there
is material accumulation on the worn track of the WB4-βB disk and the

worn scar of the coupledWC ball after friction, which was not observed on
the outer edge of the worn track. The EDSmapping confirms that the tribo-
chemical products are dominated by the O element and a small amount of
W and B elements (Fig. 4a–c). The worn surface morphology and EDS
mapping in Fig. 4d illustrate that the oxide debris forms a tribo-layer on the
worn surface under the frictional stress action, which is relatively uniformly
attached to the substrate.

Figure 5 illustrates that the chemical states of tungsten, boron, carbon,
and oxygen in theWB4-βBworn surface and subsurface with different etch
depths were characterized by XPS. The C 1s peak for the surface-
contaminated elemental C was 284.8 eV for the calibrated standard peak
(Fig. 5c). There are also C=C bonds at 286.29 eV and C=O bonds at
288.70 eV,which are formedby the adsorption of contaminants and oxygen
atoms on the worn surface50.

The high-resolution spectrum of theW 4f exhibits two binding energy
(B.E) states of the W element, with the W 4f7/2 and W 4f5/2 peaks, as
illustrated in Fig. 5a. The W 4f7/2 peaks range from 35.74 eV and W 4f5/2
peaks from37.90 eV,which are associatedwith theW–Obond51. The results
are consistentwith the 530.76 eVpeak in theO1s spectrum,which is aW–O
bond, and both belong toWO3 (Fig. 5d). TheW4f7/2 at 35.37–31.42 eV and
W 4f5/2 at 37.44–37.47 eV are attributed to the W–B bond of WB4

50,52. In
addition, low binding energyW–B appeared after etching the worn surface.
The percentage of lowbinding energyW–Bbonds increasedwith increasing
etching time.

The peak of B 1s at 190.68 eV is associatedwith B-O bonds of B2O3. In
comparison, theB1speak at 188.88 eV is linked toB–Obondsof boron-rich
oxides (Fig. 5b)50,53,54. The subsurface B 1s peak at 187.78–187.82 eV belongs
to theB–Bbondof crystalline boron and theW–BbondofWB4,whichhave
the same chemical state of the B element in both of them55–57. The results are
consistent with the B–O bond represented by peak 532.34 eV, confirming
the presence of B2O3 on the worn surface (Fig. 5d)58. The presence of
adsorbed oxygen on the worn surface, with a peak at 531.69 eV, is due to
defects in B2O3 with incomplete oxidation59. In addition, it is indicated in
Fig. 5d that only lattice oxygen peaks are present at 530.53–530.57 eV and
adsorbed oxygen peaks are present at 531.63–531.68 eV on the etched
surface, and that the relative intensities of lattice oxygen and adsorbed
oxygendecrease as the depth of etching increases. The above results indicate

Fig. 4 | Morphology and composition of worn surfaces. SEM images and the
corresponding EDS elemental mapping of the worn surfaces of WB4-βB/WC tribo-
pair after different friction cycles. The arrow points to the ball’s sliding direction

during friction. a The worn surface after 1.25 × 104 cycles. b The worn surface after
5 × 104 cycles. c the worn surface after 1 × 105 cycles. d High-magnification SEM
image of the worn track and the corresponding elemental mapping.
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that the original worn surface consists of boron oxide with tungsten oxide.
The ion-etched surfaces are characterized by the presence of substrateWB4
andcrystallineB.Meanwhile, lowbindingenergyW–Bbonds arepresent on
the etched surfaces, and it is presumed that the unstable WB4 is affected by
ion etching to produce a new chemical state.

Figure 6a is the STEM image of the cross-section of the wear track, and
the enlarged image of the square is marked area in Fig. 6b, c. As can be seen
from the STEM image of the cross-section, the thin section consists of the
Auprotective layer, the tribo-oxidation layer, the intermediate layer, and the
WB4-βB substrate from top to bottom (Fig. 6b). The surfaces ofWB4 grains
are smooth andwithout cracks anddeformations, and there are tiny grooves
on theworn surface of β-B grains. The thickness of the tribo-oxidation layer
is 5–100 nm, which is significantly deposited above the β-B grains
(Fig. 6b, c). The thickness of the intermediate layer is about 10–50 nm,
mainly distributed above the WB4 grains. HRTEM images and corre-
sponding FFT images of the tribo-layer and intermediate layer show that the
tribo-oxidation layer is of amorphous composition and the intermediate
layer is composedofWB4 grains and amorphous composition (Fig. 6d). The
corresponding EDS element mapping on the cross-section of the worn
surface, where the tribo-oxidation layer is enriched with oxygen elements

and the intermediate layer is enriched with tungsten elements (Fig. 6e, f).
Combined with the XPS results, we can discover that the tribo-oxidation
layer is mainly composed of amorphous B2O3 and amorphousWO3, while
the intermediate layer is mainly composed of WB4 grains, β-B grains, and
amorphous oxide.

The micro-mechanism of the near-zero wear strategy is shown in
Fig. 7, where the WB4-βB/WC tribo-pair achieves near-zero wear perfor-
mance through the synergistic effect of the super-hard WB4-βB bulk
material and the self-repair tribo-layer. At a high maximum Hertz contact
stress of 2.23 GPa, the WB4-βB/WC tribo-pair produces a large frictional
heat. Thermodynamically, the frictional heat generated by the mechanical
abrasion provides the activation energy for the tribo-chemical reaction so
that the wear debris undergoes a chemical reaction with oxygen. It can be
found that at 1.25 × 104 and 5 × 104 frictional cycles, oxide micro-convex
peaks protrude on the WB4-βB worn surface, consequently offering wear
compensation. The frictional heat drives the formation of a low shear tribo-
oxidation layer, which reduces the direct friction between the rough surfaces
of theupper and lower samples, thereby reducing the generationof frictional
heat and the influence of thermal radiation on the substrate. Thus, the
thickness of the tribo-oxidation layer cannot be increased infinitely, and a

Fig. 5 | XPS survey spectra of theWB4-βB composite at a different depth from the worn surface. aTheW4f spectrum. bThe B1 s spectrum. cThe C 1s spectrum. dTheO
1s spectrum.
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dynamic balance is affected by the relative growth rate and removal rate.
During long-life wear of 1 × 105 frictional cycles, wear compensation is
transformed into wear loss due to the inadequate growth rate of the tribo-
oxidation layer. It is the superiority of this self-repairing strategy that allows
both the WB4-βB disk and the WC ball to meet the super-resistant wear.

Wear has been recognized as the phenomenon of damage to or
removal from the surface of a material because of interaction with a mating

surface. In general, the degree of wear is evaluated by the amount of volume
loss and the condition of theworn surface. The existingmaterial systems are
to realize ultra-low wear by self-consumption. For super-resistant materials
like hydrogenated amorphous carbon, (a-C:H)12 andMoS2

14, graphitization
or rearrangement of hexagonal crystal orientation occurs on the worn
surface during friction. The interlayer slip of the basic crystal plane causes
the breakage of the valence bond, resulting in the gradual removal of an

Fig. 6 | Microstructure of the cross-section of the WB4-βB worn surface. a STEM
image of FIB-cut foil of the cross-section of the WB4-βB worn surface. b Enlarged
view of the marked quadrate area of the interface in (a) between theWB4 phase and
tribo-layer interface. c Enlarged view of the quadrate marked interface area in (a)
between the βB phase and tribo-layer interface. d High-resolution transmission

electron microscopy (HRTEM) images and fast Fourier Transform (FFT) images of
tribo-layer and intermediate layer in the worn surface. e EDS elemental mapping
corresponding to the (b) region. f 1D compositional profile measured along the
orange arrow in (b).

Fig. 7 | Schematic representation of the micro-mechanism of the near-zero wear
strategy. The blue-green rectangle represents the WB4-B substrate. The gray
hemisphere represents theWC counterpart. The brown-yellow region at the friction

interface represents the friction oxides and the gray-white region represents WB4-B
broken grains. The structure of the worn interface changes with the friction process
as shown in schematic.
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atomic layer. In polymermatrix composites, aluminum oxide promotes the
tri-chemical reaction of PTFE to form amolecular lubricating film, and this
dynamic process of lubricant molecule formation-destruction provides
wear protection17,18. In the above ultra-wear materials, no apparent wear
compensation effect was found. Our research revealed the self-repairing
mechanism by the formed tribo-chemical layer, reducing wear damage.

Conclusions
In this study, the WB4-βB super-hard material was prepared by the SPS
method, and the WB4-βB/WC tribo-pair exhibits near-zero wear perfor-
mance under 10–100 Pa vacuum conditions, which wear resistance
mechanism is due to the synergistic effect of the super-hard WB4-βB sub-
strate and the self-repairing tribo-layer. We found the abnormal wear
phenomenon thatduring1.25 × 104 to1 × 105 friction cycles, thevariationof
this tribo-pair dimension is ±10−8 mm3 N−1 m−1 with the expression ofwear
rate.TheWB4-βB/WCtribo-pair provides a novel designmethod to achieve
near-zero wear tribo-pair by in-situ material repair, breaking through the
traditional ultra-low-wear design method attempted to minimize wear and
opening up a new path to the wear control of the mechanical system.

Methods
Materials fabrication
WB4-βB material with a ratio of tungsten to boron of 1:9 was fabricated by
spark plasma sintering (SPS, LABOX-3010KF, Japan) method. Elemental
boron powder (Baoding Zhongpu Ruite Technology Co., Ltd.; purity
≥99.9%; particle size 1 μm) and elemental tungsten powder (Sinopharm
Chemical Reagent Co., Ltd; purity ≥99.8%; particle size 75 μm) were milled
in planetary high-energy ball milling (Fritsch Pulverisette 5, Germany) for
4 h, with the rotation speed of 250 r/min to obtain mixture uniformly. SPS
sintering procedures are: The mixed powders were placed into a 25mm
diameter graphite mold and cold pressed at 10MPa for 3min; sintered at
1600 °C and held for 2min at a sintering pressure of 15MPa; the sintering
was stopped, and the pressure was lowered to 0MPa, and the samples were
allowed to cool naturally to room temperature and then removed. The
synthesized samples were cut and mechanically polished, awaiting sub-
sequent testing. The polished samples’ surface roughness (Ra) was mea-
sured to be about 0.025 μm using a three-dimensional surface profilometer
(MicroXAM-800), as shown Fig. S5.

Mechanical properties
Determination of Vickers micro indentation hardness of specimens using a
diamond pyramid indentermicrohardness tester (MH-5-VM). The diagonal
length of indentation was measured using a 3D surface profilometer (KEY-
ENCE, VHX-6000). To ensure very accurate hardness measurements, take
the average of the indentationmeasurements of at least 20 randomly selected
points on the sample for each loading.Nanoindentation testswere performed
using an Anton Parr NHT2 nanoindentation machine with a Berkovich
diamond tip. There were at least 6 indentations on eachmaterial surface and
the maximum pressure applied was up to 50 mN. The fracture toughness of
thematerialwas testedby the single-sidedpre-crackingmethodwitha sample
size of 16mm× 4mm×3mm and an opening depth 2mm. At least 6
samples were tested at an indenter downward pressure rate of 0.5mm/min.

Wear performance analysis
The tribological properties of theWB4-βB/WC tribo-pair were evaluated by
a rotational tribometer (GHT-1000E, Zhongke Kaihua Technology
Development Co., Ltd). The disks were made from sintered WB4-βB
samples, and WC balls (φ: 6 mm) were selected as the upper sample. YG6
ball (Zhejiang Jienaier New Material Co., Ltd) has a Vickers hardness of
19 GPa, surface roughness of 0.025 μm, an elastic modulus of 642 GPa, and
aPoisson’s ratio of 0.20460. TheYG6 (WC-6wt%Co) ball will bewritten as a
WC ball in the article. The specifications for the friction experiment are as
follows: a maximum Hertzian contact stress of 2.23 GPa (with an applied
load of 5 N), a sliding velocity of 0.2 m/s (or 400 r/m), a rotation radius of
5mm, a vacuum measurement of 10–100 Pa, a test temperature around

23 °C, and laboratory air humidity ranging from 20% to 30%. Carry out at
least threewear tests under the sameconditions and take the average valueof
the repeated test datawithin the error range to ensure the repeatability of the
test and reliability. Thewear volume (V) of the samplewasmeasuredusing a
non-contact 3Dprofilometer (MicroXAM-800,KLA-Tencor,USA) and the
worn scar diameter (d) of the WC coupled ball was measured using a
scanning electron microscope (SEM, JSM-5601LV).

Structure characterization
The sample microstructure and composition were verified by X-ray dif-
fraction meter (XRD), scanning electron microscopy (SEM), X-ray photo-
electron spectroscopy (XPS), and transmission electronmicroscope (TEM).
The physical phase analysis of the samples was performed by XRD
(Empyrean, PANalytical B.V.) with the technical parameters of the
instrument as Cu target (Kα, λ = 1.5418 Å), accelerating voltage and
accelerating current of 40 kV and 40mA,with a scan step size of 0.028°. The
samples andworn surfaceswere examined by scanning electronmicroscope
(SEM, JSM-5601LV) equipped with an energy dispersive spectrometer
(EDS) at an operating voltage of 20 kV for morphology and element dis-
tribution. The chemical elemental states of the surfaces at different etch
depths were characterized using X-ray photoelectron spectroscopy (XPS,
ESCA LAB 250Xi). The radiation source is Al-Kα radiation, the test tube
voltage is 15 kV, and the test spot size is 400 μm. Etching was performed
with an Ar gun at a beam energy of 2 kV and a beam current of 10mA, and
the etching rate was typically 0.2 nm/s. The sectioned samples were pre-
pared in the WB4-βB wear region using focused ion beam (FIB) device
(ZEISS Crossbeam 350) preparation. The WB4-βB Sliced samples were
studied by an FEI Talos F200X transmission electronmicroscope (TEM) at
a working voltage of 200 kV.
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